The loss of pyrimidine dimers from the DNA of UV-irradiated organisms is a necessary part of the processes of dark repair.1 2 The availability of a nuclease which had specificity for such pyrimidine dimers would make it possible to ascertain the state of irradiated DNA and to determine the extent of recovery. Previous results had suggested that an extract of Micrococcus lysodeikticus might contain such an enzyme.3-' In this paper we show that the extract does indeed act like an endonuclease specific for DNA which contains radiation-induced lesions, most probably pyrimidine dimers. Sensitivity to this extract is lost on incubation of UV-irradiated cells prior to extraction and this loss of sensitivity can serve as a measure of repair from UV-induced damage.
The loss of pyrimidine dimers from the DNA of UV-irradiated organisms is a necessary part of the processes of dark repair.1 2 The availability of a nuclease which had specificity for such pyrimidine dimers would make it possible to ascertain the state of irradiated DNA and to determine the extent of recovery. Previous results had suggested that an extract of Micrococcus lysodeikticus might contain such an enzyme.3-' In this paper we show that the extract does indeed act like an endonuclease specific for DNA which contains radiation-induced lesions, most probably pyrimidine dimers. Sensitivity to this extract is lost on incubation of UV-irradiated cells prior to extraction and this loss of sensitivity can serve as a measure of repair from UV-induced damage.
Materials and Methods.-The UV-sensitive (uvr-) and methyl methanesulfonate-sensitive (mms-) strains of Bacillus subtilis were those described previously.6, I Thymine-requiring derivatives were isolated using the ind -thy-derivative of strain 168 as a recipient in transformation. We wish to thank Dr. Frank Rothman for providing this strain. DNA labeled with either C14 or H3 was prepared by growing cultures of the thymine-requiring strains in CHT50 medium6 containing unlabeled thymine or thymidine carrier and either 1 /Ac/ml of H'-methyl thymidine or 0.25 ,Mc/ml of thymine 2-C14. Cultures were grown overnight with isotope or, where indicated, for 4 hr starting with a 1:10 dilution of an overnight culture. Cells were harvested and lysed as described previously. 6 Crude lysates for centrifugation were prepared by adding 500 ,g of lysozyme (0.05 ml) to 2 ml of cell suspension in 0.01 M tris buffer plus 0.1 M EDTA, pH 8.3. After 10 min at 37°C, 500 jug (0.05 ml) of pronase (treated for 10 min at 80°C after neutralizing to pH 5) was added and after another 10 min, 0.1 ml of 1% duponol was added. The lysates were kept at 37°C with duponol for 5 min and were then cooled. Purified DNA was prepared by lysing the cells as described above, precipitating the DNA with ethanol, and then extracting ribonuclease digests with phenol followed by alcohol and isopropanol precipitation as described by Marmur. Experimental.-Extracts of B. subtilis reduce the transforming activity of DNA which has been methylated with the monofunctional alkylating agent, methyl methanesulfonate (MMS).6 Extracts of M. lysodeikticus reduce the transforming activity of both UV-and MMS-treated DNA but do not affect untreated DNA.3 This differential activity can be visualized by comparing the sedimentation behavior of irradiated or alkylated DNA after treatment with the two extracts (Fig.  1) . A mixture of control C14 DNA and methylated H3-labeled DNA sediments in a sucrose gradient without separation of the isotopes. Addition of a B. subtilis extract to a-mixture of UV-treated C14 DNA and methylated H3 DNA induced breaks in the methylated DNA but did not result in a noticeable decrease in the size of the UV-treated DNA. The M. lysodeikticus extract degraded both methylated and UV-treated DNA but treatment of control DNA with extract or UV irradiation (1500 ergs/mm2) alone did not affect the sedimentation behavior. when the sedimentation of denatured samples was compared (Fig. 2) . DNA was treated with extract and then denatured with alkali. Formaldehyde was added; the mixture was neutralized and layered on a sucrose solution containing formaldehyde for centrifugation.11 The UV-irradiated DNA preparation treated with extract had particles of much smaller size than either of the controls.
Activity of both B. subtilis and M. lysodeikticus extracts was observed in the absence of Mg++ and reaction mixtures in either citrate or EDTA buffers were satisfactory. We did not detect the release of acid-soluble radioactivity after treatment of either UV or methylated DNA with either of these extracts and we therefore concluded that the activity was endonucleolytic.
The availability of transformable uvr-strains permits comparison of the amount of 'UV-induced damage recognized by such uvr-mutants with the amount recog- nized by the extract (Fig. 3) . B. subtilis ind+ was UV-irradiated, suspended in tris-EDTA, and assayed for transforming activity after lysis in the presence or absence of the M. lysodeikticus extract. A threefold increase in the rate of inactivation of DNA as a function of UV dose was obtained when lysates prepared in the absence of extract were assayed with the uvr-as recipient as compared to the uvr+ recipient. In contrast to this slight difference in the transforming efficiencies of uvr+ and uvr-strains, whole cells showed a tenfold difference in their rates of UV inactivation6 (see legend to Fig. 6 , Table 1 ). When samples which had been lysed in the presence of extract were assayed, there was no difference in the results when either uvr-or uvr+ strains were used as recipients. The initial rate of inactivation was ten times that of DNA lysed in the absence of extract and assayed on the uvr+ strain.
When an overnight culture of an ind+thy-B. subtilis was irradiated and then incubated in growth medium before lysis, there was a gradual loss of susceptibility to treatment with extract (Fig. 4) . Cells irradiated to a survival of 0.26 were no longer susceptible to extract after 40 min of incubation as determined either by transformation assay (Fig. 4) or by sedimentation behavior in a sucrose gradient (Fig. 5) . DNA extracted from irradiated B. subtilis immediately after irradiation behaved as though it were of lower molecular weight than DNA from control cells even when lysed in the absence of extract, but after short periods of incubation the cells yielded DNA of approximately normal sedimentation behavior but with trans- uvr-thy-= 4.0 X 10-5 mm8-thy = 1.6 X 10-4 MC-lthy-= 5.6 X 10-a forming activity which was still sensitive to extract. The presence of additional breaks in DNA extracted from UV-irradiated B. subtilis and the disappearance of such breaks on incubation was readily seen when denatured samples were centrifuged in sucrose gradients. Since UV irradiation of DNA in vitro does not produce breaks,'2 it would appear that B. subtilis does have a nuclease with specificity similar to that from M. lysodeikticus but present in lower concentration, or the breaks might also indicate the presence of excised regions formed in the first stages of the repair process.1' 2 Several UV-sensitive mutants of B. subtilis have been reported.67 ' 13, 14 For the most part the properties of these mutants duplicate the properties of such mutants of Escherichia coli.'1 Mutants corresponding to both uvr-and hcr-and to rec both "reckless" and "cautious"' have been obtained. Two of the B. subtilis mutants tested were unable to reduce the percentage of thymine dimers induced in their DNA by UV irradiation ( Table 1 ). The wild type was able to excise thymine dimers on incubation. We have confirmed an observation made by R. Shuster (personal communication) that, in contrast to E. coli, much of the excised dimer is to be found in the medium rather than retained in the cell in an acid-soluble form.
In contrast to the wild type, the uvr-strain does not recover from sensitivity to the extract on incubation following UV irradiation (Fig. 6 ). This uvr-strain does not solubilize its DNA on incubation after irradiation.'8 The mms-strain, although apparently unable to reduce the percentage of thymine dimers in its acidinsoluble DNA, does solubilize large amounts of radioactivity on incubation of labeled cells after UV irradiation.'8 This strain shows a slight recovery from sensitivity to the extract as determined by either band centrifugation or transformation assay.
Discussion.-We conclude from these experiments that the M. lysodeikticus extract degrades DNA which contain UV lesions in an endonucleolytic manner and that the extract has a specificity directed against pyrimidine dimers. Strains which are unable to remove such dimers from their DNA do not recover from susceptibility to the extract. Furthermore, the data indicate that the total number of inactivat- Bodmer'9 has estimated that the critical region for transformation in B. subtilis corresponds to a single strand of 3.5 X 106 daltons or 1.05 X 104 nucleotides. With a yield'6 of 3 X 10-6 pyrimidine dimers per thymine per erg/mm2, a dose of 20 sec (400 ergs/mm2) corresponds to 1.05 X 104 nucleotides X 0.29 (mole fraction of thymine in B. subtilis) X 3 X 10-6 dimers/thymine/erg/mm2 X 4 X 102 ergs/mm2 = 3.7 dimers. DNA extracted from cells irradiated with 400 ergs/mm2 had a transforming activity of 0.09 of the unirradiated control when lysis was performed in the presence of the M. lysodeikticus extract (Fig. 3) . This corresponds to 2.4 hits per locus as determined from the zero term of the Poisson distribution. There was therefore an inactivating hit for every 3.7/2.4 = 1.5 pyrimidine dimers, a result not inconsistent with the idea that such dimers are the sites of enzyme attack. That this is a reasonable calculation is indicated by the fact that the per cent of thymine dimers to be expected after a dose of 600 ergs/mm2, closely corresponded with the 0.16 per cent actually observed ( Table 1) . The ratios of the molecular weights of the UV-treated and control DNA preparations denatured after incubation with extract ( Fig. 2) were determined by the following procedure: the average distance traveled was calculated for each preparation as lfidil/fi, wherefi was the fraction of total activity and di was the distance moved for each fraction. The sedimentation coefficients were then calculated for this average distance using the method of Martin and Ames. 0 The S20,to values obtained were 26 for UV-treated DNA, 22.2 for control DNA incubated with extract, and 5.8 for UV-treated DNA incubated with extract. The relationship between S and molecular weight is: S = KM\I' where a is given by Studier2l as 0.35 for native DNA, 0.40 for alkaline-denatured DNA, and 0.55 for neutral-denatured DNA. The value of a is not known for the neutral formaldehyde solution in which the sedimentation was performed but we will use the value of 0.55 since this most nearly duplicates our condition. The actual value should lie between 0.55 and 0.40.
The ratio of molecular weights will then be given as: S1/S2 = (M,/M2)a or 11.5 for control and UV-treated DNA incubated with extract.
An approximate relationship between S20 20 and the molecular weight of DNA denatured in formaldehyde was obtained from the data of Freifelder and Davison.22
The UV-treated DNA with an S20,,, of 26 had a molecular weight of 4.2 X 106, control DNA incubated with extract had a molecular weight of 3.2 X 106. This compares with the value obtained by Bodmer20 for single-stranded B. subtilis DNA of 5.8 X 106. The UV-treated DNA incubated with extract fell outside of the range of the published data2' but from the ratio of molecular weights calculated above itwas 3.2 X 106/11.5 = 2.8 X 105daltons.
The DNA in our experiment was irradiated for 75 see and received a dose of 1500 ergs/xmM2. Such a UV dose would produce 14 pyrimidine dimers per region of 3.5 X 106 (the critical size of a locus for transformations). A break induced by extract at each dimer should reduce the single-strand molecular weight to 3.5 X 106/14 = 2.5 X 105 daltons compared to the 2.8 X 105 found above. There were 6.1 lethal hits per locus induced in the same experiment. If each lethal hit were the site of an extract-induced break, fragments of 3.5 X 106/6.1 = 5.7 X 105 daltons should be obtained, again compared to the 2.8 X 105 found. These numbers are in fair agreement with the idea that the M. lysodeikticus extract causes a break at every pyrimidine dimer and that such breaks inactivate DNA for transformation.
The M. lysodeikticus extract provides a more sensitive probe of the number of UV-induced lesions and of recovery in B. subtilis than does the transformation system using the uvr-strain as recipient. Some UV-induced lesions present in transforming DNA must either be repaired in the uvr-strain or must be lost in the course of uptake and integration during transformation. It has been pointed out'6 that the uvr-mutants of E. coli must be able to repair some of the damage induced by UV since double mutant recuvr-strains show greatly increased UV sensitivity. It may be that the extract produces damage at all dimer sites and that such degraded DNA cannot be taken up by recipient cells or is not efficient in transformation. It is clear that there are more UV lesions produced than are recognized by the competent uvr-cell, but we do not know whether this difference is due to some peculiarity of the transformation process in B. subtilis or to the ability of ure strains to repair a portion of the induced UV damage. VOL. 56, 1966 BIOCHEMISTRY: STRAUSS ET AL.
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Summary.-An extract of Micrococcus lysodeikticus induced breaks in DNAcontaining pyrimidine dimers; the number of breaks was roughly equal to the number of pyrimidine dimers induced by UV irradiation. The extract also induced breaks in DNA which had been reacted with methyl methanesulfonate. Bacillus subtilis extracts degrade methyl methanesulfonate-treated DNA but do not attack UV-treated DNA. Recovery from UV damage as measured by loss of pyrimidine dimers is accompanied by loss of sensitivity to the M. iysodeikticus extract. Mutants which are unable to remove pyrimidine dimers retain their sensitivity to extract. The extract can be used to study the recovery of DNA from UV-induced damage.
